Homogeneous Escherichia coli methionyl-, isoleucyl-, tryptophanyl-, and phenylalanyl-tRNA synthetases and Bacillus stearotber hi us methionyl-and tyrosyl-tRNA synthetases are irreversibly inactivated by reaction of their active ATP sites with the 2,3'-dialdehyde derivative of ATP obtained by periodate oxidation. In each case, the amount-of '4C-Iabeled dialdehyde derivative incorporated per molecule of inactivated enzyme appears consistent with the expected active stoichiometry of the synthetase. These results strongly support the presence, at the active site of the studied aminoacyl tBNA synthetases, of a common residue, probably a lysine whose -NH2 group is known, from the work of others, to form a Schiff's base specifically with the 2',3'-dialdehyde derivatives of ribonucleotides. Prior to their participation in polypeptide bond formation on ribosomes, tRNAs are specifically aminoacylated by aminoacyl-tRNA synthetases. The enzymatic aminoacylation of tRNA involves the activation of the corresponding amino acid through adenylate formation, followed by transfer of the aminoacyl moiety to tRNA (1). Therefore, activation of the correct amino acid by its corresponding enzyme is among the key features of the overall specificity in the aminoacylation reaction. From detailed studies of bacterial aminoacyl-tRNA synthetases, catalytic properties have recently emerged that indicate involvement of common mechanisms in the specific amino acid activation reaction (2-4). It seems reasonable to argue that similar catalytic behaviors proceed through the conservation, among this class of enzymes, of crucial residue(s) within the amino acid activating sites. It thus becomes of interest to probe such residue(s) with the help of adequate affinity labels, particularly those directed against the common ATP site. Several attempts to develop affinity labels on the side of the amino acid (ref. 5 and references therein) or of the ATP have already been reported (6, 7). Now we report the inactivation and labeling of six homogeneous bacterial aminoacyl-tRNA synthetases by the 2',3'-dialdehyde derivative of ATP, a reagent specific for the lysine residue (8-10).
obtained by periodate oxidation. In each case, the amount-of '4C-Iabeled dialdehyde derivative incorporated per molecule of inactivated enzyme appears consistent with the expected active stoichiometry of the synthetase. These results strongly support the presence, at the active site of the studied aminoacyl tBNA synthetases, of a common residue, probably a lysine whose -NH2 group is known, from the work of others, to form a Schiff's base specifically with the 2',3'-dialdehyde derivatives of ribonucleotides. Prior to their participation in polypeptide bond formation on ribosomes, tRNAs are specifically aminoacylated by aminoacyl-tRNA synthetases. The enzymatic aminoacylation of tRNA involves the activation of the corresponding amino acid through adenylate formation, followed by transfer of the aminoacyl moiety to tRNA (1) . Therefore, activation of the correct amino acid by its corresponding enzyme is among the key features of the overall specificity in the aminoacylation reaction. From detailed studies of bacterial aminoacyl-tRNA synthetases, catalytic properties have recently emerged that indicate involvement of common mechanisms in the specific amino acid activation reaction (2) (3) (4) . It seems reasonable to argue that similar catalytic behaviors proceed through the conservation, among this class of enzymes, of crucial residue(s) within the amino acid activating sites. It thus becomes of interest to probe such residue(s) with the help of adequate affinity labels, particularly those directed against the common ATP site. Several attempts to develop affinity labels on the side of the amino acid (ref. 5 and references therein) or of the ATP have already been reported (6, 7) . Now we report the inactivation and labeling of six homogeneous bacterial aminoacyl-tRNA synthetases by the 2',3'-dialdehyde derivative of ATP, a reagent specific for the lysine residue (8) (9) (10) .
MATERIALS AND METHODS
Native Met-, Ile-, Trp-, and Phe-tRNA synthetases from Escherichia coli strain EM 20031 carrying the F32 episome (11) and native Met-and Tyr-tRNA synthetases from Bacillus stearothermophilus strain ATCC 1518 were purified to homogeneity by using the standard procedure described for E. coli Met-tRNA synthetase (12) . Trypsin-modified Met-tRNA synthetase was obtained as described (13) . The enzymes (10-40 mg/ml) were stored at -20°in 20 mM phosphate buffer, pH 7.5/10 mM 2-mercaptoethanol/50% glycerol. For each enzyme, subunit molecular weights and absorbancies at 280 nm were reestablished by sodium dodecyl sulfate/acrylamide gel electrophoresis and refractive index measurements, respectively. With two exceptions, the measured values agreed with those already published. For the native synthetases in the order shown in the first sentence above and the modified synthetase, the molecular weight values were: 2 X 85,000 (14) ; 64,000 (14) ; 102,000 (5); 2 X 33,000; 2 X 98,000 + 2 X 37,000 (15) (Fig. 1 ). In the case of E. coil Met-tRNA synthetase, it was verified that aminoacylation of tRNAmIet is inactivated in parallel to the exchange reaction. Inactivation increased with time and was not reversed by subsequent removal of the inhibitor. The inactivation kinetics depended on the presence or absence of Mg2+ or of amino acid analogs. For instance, in the case of Phe-tRNA synthetase from E. coil, measurable inactivation by dialdehyde derivative (in the hour range) required the presence of L-phenylalaninol.
The inactivation kinetics were single exponential, except in the case of Tyr-tRNA synthetase from B. stearothermophilus for which, in the presence of L-tyramine, the kinetics were distinctly biphasic. The rate constants varied with the dialdehyde concentration according to a Michaelis-Menten scheme, therefore providing Km values of dialdehyde for inactivation and rates of inactivation at infinite dialdehyde concentration ( Table 1 ). The Km values were decreased to a significant extent by analogs of the cognate amino acids lacking the negatively charged carboxyl group. In the cases of E. coli Met-(4), Ile-, and Phe-(3) tRNA synthetases, these analogs are known to couple synergistically with (i.e., to reinforce) ATP binding within the site of amino acid adenylation. That these couplings also apply to dialdehyde derivative binding prior to inactivation of the enzymes supports the idea that labeling occurs at the catalytic ATP sites. L-tryptamine, 4 mM L-phenylalaninol, or 2 mM L-tyramine, depending on the enzyme under study (0.3-2 MM). At various times (up to 100 min) the inactivation was quenched by diluting the assay solution (0.05 ml) with 2 ml of standard buffer containing 400 ug of bovine serum albumin and 10 mM 2-mercaptoethanol at 00. The reaction also was stopped by the addition of 1 Ml of 0.5 M NaBH4 in 10 mM NaOH followed, after 1 min of incubation at 250, by 2 ml of the above bovine serum albumin solution at 00. The two methods gave identical results.
cases studied, the protection showed a saturation-dependence on the ATP concentration and ATP was a linear competitive inhibitor of dialdehyde binding prior to the inactivation of the enzymes (Fig. 2) . Analysis of these data provided ATP-binding constants to the enzymes (Table 1 Ile-and modified Met-tRNA synthetases, these constants were in excellent agreement with those reported for the binding of ATP at the catalytic center of these enzymes (ref. 3 and refs. 4 (Fig. 3) (Fig. 4) . The input radioactivity was recovered with an 85% yield, the major part of which eluted in a single well-defined peak. This result supports the specificity of the affinity label.
In the presence of Mg, the monomeric E. coil Ile-tRNA synthetase, which has one catalytic site for MgATP (23) , was inactivated by the incorporation of one dialdehyde molecule. In the absence of the divalent ion, two dialdehyde molecules were incorporated per synthetase molecule (Fig. 3) . In this case, the initial upward curvature of the plot indicates that the first-reacting dialdehyde molecule had no effect on the enzyme The solution then was filtered on Whatman glass fiber paper and washed five times with 10 ml of the ATP-containing trichloroacetic acid solution. The filters were assayed for 14C radioactivity in Bray's solution. In another set of experiments, the radioactivity incorporated within Met-tRNA synthetase was measured by filtration of the NaBH4-treated solution through Sephadex G-50 (superfine; 0.4 X 35 cm) equilibrated in standard buffer. In the eluted fractions (75 Ml), enzyme and ATP concentrations were derived from absorbancies at 280 nm and 295 nm and from 14C counting in Bray's solution, respectively. Fractions also were assayed for isotopic ATP-PPi exchange activity.
activity; the activity was abolished by incorporation of the second label molecule. The dimeric Trp-tRNA synthetase has two catalytic sites for MgATP (24) and was completely inactivated upon the incorporation of two dialdehyde molecules. The tetrameric E. coli Phe-tRNA synthetase, which is of the aO2 type (15, 26) , has two catalytic sites (27) but only one detectable ATP site (28) . This enzyme was inactivated by the incorporation of two dialdehyde molecules. However, a slight initial curvature of the plot in Fig.  3 , as in the case of Ile-tRNA synthetase, suggests that the enzyme could be inactivated only by the incorporation of the second molecule. The dimeric B. stearothermophilus TyrtRNA synthetase has been reported to exhibit "half of the sites" reactivity toward tyrosyl-adenylate formation (19, 29) . This behavior may explain the marked biphasic character of the inactivation kinetics of the enzyme in the presence of L-tyramine and dialdehyde. Labeling at one subunit would decrease reaction of the label at the other subunit (Table 1) . This enzyme was completely inactivated upon the incorporation of two dialdehyde molecules. In the presence of Mg the dimeric B. stearothermophilus Met-tRNA synthetase (17) was inactivated by the incorporation of two dialdehyde molecules, in agreement with the known active stoichiometry of this enzyme (16 In an additional preliminary experiment, we followed at 250 the inactivation by dialdehyde (5 mM) of the 20 aminoacyltRNA synthetases activities in a crude E. coli extract after addition of streptomycin and 30-50% ammonium sulfate fractionation (12) . The presence of unfractionated tRNA in the cases of Arg-, Glu-, and Gln-tRNA synthetases). Activities dependent on Ile, Leu, Val, Ala, Thr, Met, Cys, Tyr, Trp, Pro, His, Glu, and Gln were found to be clearly inactivated by the modified ATP. Rate constants for inactivation ranged between 0.03 and 0.007 min-1 except in the case of Ala-tRNA synthetase (0.004 min-1). It must be noted that these experiments were performed in the absence of any conformers such as Mg or amino acid analogs that could have triggered inactivation of the resistant enzymes (as shown in the case of the Phe-tRNA synthetase inactivation which requires the presence of phenylalaninol). The conservation of a lysine residue in or close to the ATP binding site of the investigated synthetases may be the reflection of an essential structural or functional role for the enzyme activities. This lysine may be involved in the adenylation reaction or in the binding of ATP. Alternatively, it may be involved in the maintenance of an active conformation of the catalytic site. In this context it must be noted that a number of nucleotide binding enzymes have been shown to contain Arg (32) or Lys residues (ref. 10 and references therein) at their nucleotide binding sites. In the latter case, such enzymes have been successfully labeled with the help of the periodate-oxidized derivative of their nucleotide (10, (33) (34) (35) (36) . Development of such an affinity label in the case of aminoacyl-tRNA synthetases opens a direct way for testing the important issue of their evolutionary relatedness through comparison of the sequences of labeled peptides.
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